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ABSTRACT 

Boundary-layer  and  static-pressure  data  were  obtained  over  a  rigid  pressure  shell  at 
Mach  numbers  from  0.6  to  0.9  and  Reynolds  numbers  per  foot  from  0.3  x  106  to  5.3 
x  106.  These  data  were  obtained  with  and  without  the  addition  of  air  injected  into  the 
boundary  layer  through  a  circular  slot  upstream  of  the  test  shell.  Static  aeroelastic 
characteristics  of  thin  cylindrical  shells  were  obtained  at  Mach  number  0.9  without  the 
use  of  boundary-layer  control  and  without  shell  axial-force  loading.  An  aeroelastic  buckling 
failure  was  induced  on  all  three  shells  by  reducing  the  cavity  pressure.  Flutter  of  the 
shell  was  not  encountered  during  the  test. 
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SECTION  I 
INTRODUCTION 

An  investigation  of  the  aeroelastic  stability  characteristics  of  thin  cylindrical  shells 
was  conducted  in  the  transonic  Propulsion  Wind  Tunnel  (16T).  The  test  was  divided  into 
a  pressure  phase  and  a  flutter  phase. 

The  purpose  of  the  pressure  phase  was  to  determine  boundary-layer  profiles  and 
static-pressure  distributions  over  a  rigid  shell  with  and  without  the  addition  of  air  injected 
into  the  boundary  layer  at  Mach  numbers  from  0.60  to  0.95. 

The  objective  of  the  flutter  phase  was  to  determine  the  flutter  characteristics  of  three 
flexible  cylindrical  shells  as  influenced  by  shell  thickness  and  shell  cavity  pressure  at  Mach 
number  0.90. 

Earlier  shell  flutter  tests  were  conducted  in  the  Propulsion  Wind  Tunnels  (16T)  and 
(16S)  and  have  been  documented  in  Refs.  1,  2,  and  3. 

SECTION  II 
APPARATUS 


2.1  WIND  TUNNEL 

Tunnel  16T  is  a  variable  density  wind  tunnel  capable  of  operation  at  Mach  numbers 
from  0.20  to  1.60.  The  tunnel  is  equipped  with  a  plenum  evacuation  system,  and  the 
test  section  is  formed  by  fixed,  parallel  top  and  bottom  perforated  walls  and  perforated, 
variable  angle  sidewalls. 

Details  of  the  perforated  walls  and  the  location  of  the  model  and  support  strut  in 
the  test  section  are  shown  in  Fig.  1  (Appendix  I).  A  photograph  of  the  model  installed 
in  Tunnel  16T  is  presented  in  Fig.  2. 

2.2  TEST  ARTICLE 

A  detailed  drawing  of  the  ogive-cylinder  model  is  shown  in  Fig.  3.  The  model  has 
a  3-cal  circular  arc  ogive  nose  with  an  18.9-deg  semivertex  angle,  a  fineness  ratio  of 
approximately  8,  and  a  maximum  diameter  of  16  in.  The  model  is  composed  of  three 
basic  sections:  the  nose  cone,  center  section,  and  the  aft  or  base  supporting  structure. 
The  primary  function  of  the  nose  cone  is  to  provide  a  uniform  flow  and  static-pressure 
field  over  the  test  shell  and  to  support  the  boundary-layer  control  equipment.  The  center 
section  supports  either  the  rigid  pressure  shell  or  thin  flexible  flutter  shell  and  its  associated 
instrumentation,  whereas  the  base  section  attaches  the  model  to  the  supporting  sting. 

Details  of  the  pressure  and  flutter  shells  are  presented  in  Figs.  4  and  5.  The  static 
pressure  shell  was  constructed  from  0.080-in.-thick  copper  sheet  with  four  rows  of  orifices 
along  the  shell  (Fig.  4a).  Additional  orifices  were  located  on  the  model  as  shown  in  Fig.  3. 
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Three  boundary-layer  rakes  were  used:  one  fixed,  one  remotely  adjustable  vertically,  and 
one  remotely  adjustable  longitudinally.  Rakes  1  and  2  were  located  at  model  station  1 14.25, 
whereas  the  longitudinally  adjustable  rake  was  remotely  variable  between  stations  98.25  and 
1 14.25.  The  fixed  and  adjustable  rakes  are  illustrated  in  Figs.  6  and  7. 

The  flutter  shells  were  thin-walled  monocoque  circular  cylinders  made  by  an 
electroplating  process.  The  shell  thicknesses  were  0.0027,  0.0030,  and  0.0032  in.,  as  shown 
in  Table  I  (Appendix  11).  These  shells  were  soldered  to  two  copper  end  rings  which  were 
machined  to  fit  smoothly  against  radial  and  axial  bladders.  These  bladders  were  located 
inside  the  fore  and  aft  edges  of  the  center  section  (Fig.  5).  The  internal  pressure  in  the 
axial  bladders  could  be  remotely  controlled  to  produce  an  axial  buckling  load 
(longitudinally  compressive)  in  the  shell. 

2.3  INSTRUMENTATION 

2.3.1  Pressure  Phase 

Twenty-four  static-pressure  orifices  were  uniformly  distributed  along  four  rays  90 
deg  apart  on  the  shell,  and  nine  orifices  were  located  elsewhere  on  the  model  as  shown 
in  Fig.  3.  Three  static-pressure  orifices  were  located  internally  in  the  boundary-layer  control 
duct,  and  one  orifice  was  installed  in  the  cavity  beneath  the  pressure  shell.  All  the  pressure 
orifices  were  connected  to  pressure  transducers  which  were  located  in  the  tunnel  plenum 
chamber.  All  transducer  outputs  were  fed  to  analog-to-digital  converters  and  then  to  a 
digital  computer. 

Twenty-nine  total  pressures  were  measured  from  the  three  boundary-layer  rakes  (Fig. 
6).  Rakes  1  and  3  had  static-pressure  probes  on  the  rakes,  but  Rake  2  used  a  static 
referenced  pressure  measured  on  the  model  surface. 

2.3.2  Flutter  Phase 

A  photograph  of  the  model  instrumentation  used  in  the  flutter  phase  is  presented 
in  Fig.  8.  The  model  displacement  sensors  were  mutual-inductance  proximity  transducers 
designed  to  sense  both  static  and  dynamic  displacements  of  a  point  on  the  shell  surface 
without  mechanical  contact  (Ref.  4).  Sensor  1  could  translate  fore  and  aft  from  10  to 
85  percent  of  the  shell  length  at  a  speed  of  25  in./min.  Both  sensors  1  and  2  could 
rotate  circumferentially  under  the  shell  from  0  through  270  deg.  Sensor  3,  which  is  covered 
in  the  photograph,  was  fixed  in  position  and  used  as  a  reference  sensor  to  assist  in  mode 
shape  identification  through  phase-angle  measurements  between  this  sensor  and  the  two 
moving  sensors. 

The  signals  from  these  sensors  were  amplified  and  fed  into  two  magnetic  tape  recorders 
and  a  direct-writing  oscillograph.  A  dual-beam  oscilloscope  was  used  for  continuous 
monitoring  of  shell  motion.  The  inputs  to  the  oscilloscope  could  be  varied  from  one  sensor 
to  another  as  it  became  necessary  to  compare  the  phasing  and  relative  amplitude  of  the 
three  sensors.  The  magnetic  tape  recorders  were  sometimes  run  continuously  when  the 
shell  sensor  signals  appeared  to  coalesce  in  frequency  and  increase  in  amplitude. 
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SECTION  III 
TEST  PROCEDURES 


3.1  PRESSURE  PHASE 

Boundary-layer  profiles  and  static-pressure  distributions  were  obtained  at  Mach 
numbers  from  0.60  to  0.95  at  Reynolds  numbers  per  foot  from  approximately  0.30  x 
106  to  5.30  x  106.  Air  was  blown  into  the  boundary  layer  through  a  circumferential 
slot  ahead  of  the  test  shell. 

The  boundary-layer  control  (BLC)  system  was  operated  to  provide  nominal  weight 
flows  of  0,  0.20.  0.45,  and  0.80  lb/sec. 

3.2  FLUTTER  PHASE 

For  the  three  flexible  shell  configurations  tested,  the  Mach  number  was  established 
at  0.90  and  at  a  low  dynamic  pressure  level.  The  dynamic  pressure  was  slowly  increased 
in  increments  while  maintaining  a  constant  Mach  number  until  a  designated  limit  or  tunnel 
maximum  was  obtained.  After  the  desired  total  pressure  level  was  reached,  model  cavity 
pressure  was  reduced  until  flutter  or  static  aeroelastic  buckling  occurred.  Internal  cavity 
pressure  was  varied  only  when  the  tunnel  conditions  were  constant. 

3.3  PRECISION  OF  MEASUREMENTS 

The  magnitude  of  the  uncertainties  involved  in  the  tunnel  conditions  is  estimated 
to  be  as  follows: 


Mach  Number 
Total  Pressure 
Dynamic  Pressure 
Total  Temperature 


±0.003 
±5  psf 
±0.5  percent 
±5°F 


The  Mach  number  error  does  not  include  the  deviation  from  the  mean  value  in  the 
region  of  the  model.  The  maximum  variation  in  Mach  number  on  the  tunnel  centerline 
in  the  vicinity  of  the  model  was  ±0.004. 

The  magnitude  of  the  uncertainties  in  shell  frequency  measurement,  based  on 
repeatability  during  the  wind-off  calibrations,  and  the  accuracies  in  determining  shell  flutter 
frequencies  from  oscillograph  records  of  the  variable  inductance  sensors  are  estimated  to 
be  2  Hz. 
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SECTION  IV 

RESULTS  AND  DISCUSSION 


4.1  PRESSURE  PHASE 

The  pressure  coefficients  shown  in  Fig.  9  were  computed  from  measurements  at  the 
static-pressure  orifices  in  the  rigid  test  shell  for  Mach  numbers  0.60,  0.90,  and  0.95, 
respectively.  The  large  pressure  increases  near  the  aft  end  of  the  shell  in  the  0-  and  270-deg 
rays  are  attributable  to  the  influence  of  instrumentation  enclosures  on  the  sting  aft  of 
the  model  (see  Fig.  2)  and  the  location  of  the  three  boundary-layer  rakes.  The  maximum 
variation  in  pressure  coefficient  across  the  shell  was  from  approximately  0  to  0.064  along 
the  shell  270-deg  ray. 

Representative  boundary-layer  profiles  obtained  with  the  vertical  adjustable  rake  are 
presented  in  Fig.  10  for  Mach  numbers  of  0.6,  0.8,  and  0.9  using  boundary-layer  control 
blowing  rates  that  varied  from  0  to  0.80  lb/sec.  The  effects  of  varying  Reynolds  number 
per  foot  for  different  boundary-layer  blowing  rates  are  shown  in  Fig.  11.  The 
boundary-layer  rake  was  located  aft  of  the  test  shell  at  model  station  1 14.25  in.  and 
traversed  vertically  from  0  to  1.13  in.  above  the  shell.  Insignificant  changes  in  the  turbulent 
boundary-layer  profiles  resulted  from  mass  addition  of  air  injected  into  the  boundary  layer. 

4.2  FLUTTER  PHASE 

Test  conditions  and  ranges  of  variation  for  the  control  condition  are  shown  in  Table 
I  (Appendix  II).  Three  shells  with  thicknesses  of  0.0027,  0.0030,  and  0.0032  in.  were 
tested.  Static  aeroelastic  buckling  characteristics  were  obtained  at  only  Mach  number  0.90. 
Aeroelastic  buckling  failures  were  induced  in  all  three  shells  by  reducing  the  model  cavity 
pressure  while  maintaining  a  constant  Mach  number  and  total  pressure.  The  shell  axial 
load  was  zero  through  this  phase  of  the  test.  High-speed  motion  pictures  were  obtained 
of  two  of  three  shell  configurations.  Some  of  the  sequence  frames  which  depict  the  shell 
failures  are  presented  in  Fig.  12.  The  shell  failure  that  was  not  recorded  on  film  occurred 
earlier  than  anticipated  because  of  a  possible  weak  bond  between  the  shell  and  the  forward 
retainer  ring.  Shell  panel  flutter  was  not  encountered  during  this  test. 
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Fig.  3  Details  of  Ogive-Cylinder  Model 


a.  Rigid  Pressure  Shell 


Fig.  4  Details  of 


Test  Shell  Instrumentation 


c.  Rake  3 

Fig.  6  Details  of  the  Boundary-Layer  Rakes 
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a.  Mach  Number  0.6 

Fig.  10  Local  Mach  Number  Profiles  as  a  Function  of  Auxiliary  Boundary-Layer  Control  Weight  Flow 
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Fig.  11  Local  Mach  Number  Profiles  as  a  Function  of  Nominal  Reynolds  Number  per  Foot 
and  Boundary- Layer  Control  Weight  Flow 
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a.  Configuration  1 

Fig.  12  Sequence  from  High-Speed  16-mm  Motion-Picture  Film  Illustrating 
Shell  Static  Aeroelastic  Failure  at  M„  =  0.9 
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t  =  0.04  sec  t  =  0.07  sec 


b.  Configuration  3 
Fig.  12  Concluded 
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TABLE  I 

SUMMARY  OF  TEST  INFORMATION 


Configuration 

Mm 

Pt„* 

psfa 

psf 

Re/ft  x  106 

F 

Apc. 

psi 

Pa¬ 

ps! 

h,  in. 

lb/ sec 

Remarks 

3 

0.90 

2700 

905 

5.28 

25.3 

0.35 

0 

0.0030 

0 

Buckled 

2 

0.  90 

2700 

905 

5.28 

25.3 

1.35 

0 

0.0032 

0 

Buckled 

1 

0.  90 

2400 

803 

4.  69 

28.  7 

0.  90 

0 

0.0027 

0 

Buckled 
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